Glasses in a wide range of chemical composition were thermally poled and the stability of the second-order optical nonlinearity induced was studied through isothermal annealing experiments. Enhanced stability was found in aluminosilicate and aluminoborosilicate with respect to silica ͑at least a five order of magnitude increase in lifetime͒. Such dramatic enhancement was explained by the strong decrease of the alkali ion mobility due to specific changes in glass composition. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1760885͔
The second-order optical nonlinearity induced in silica by thermal poling possesses excellent long term stability in ambient conditions. 1 It is a consequence of the poling mechanism itself which involves the creation of extremely high electric field strengths (10 8 V/m) within the glass through charge migration at elevated temperature and subsequent freezing of the space charge. 1 The second-order susceptibility (2) , which is located in a thin layer beneath the anodic surface, originates mainly from rectification of the intrinsic third-order susceptibility (3) by the built-in electrostatic field E dc ͑i.e., (2) ϭ3E dc (3) ), although the orientation of dipoles by E dc may contribute to (2) . Charge recombination within the bulk and near the surface is responsible for the decay of (2) which is observed when the poled glass is heated above room temperature. Since charge recombination processes are dependent on the type of mobile ionic species and the glass matrix, the decay behavior is expected to vary with the glass composition. To what extent (2) is stable in poled glass is not only a fundamental aspect of glass poling physics but it should be taken into account in the design of devices. In this letter we report on dramatic enhancement of the stability of (2) for specific glass compositions and we discuss the physical origins of this enhancement.
Glass Thermal poling was carried out in air inside an oven at an applied voltage of 4 kV using pressed-contact electrodes (6ϫ9 mm 2 ) made of stainless steel. For each glass, preliminary poling experiments were first carried out in order to determine the optimal values of temperature and time which maximized second-harmonic generation ͑SHG͒ in the poled samples ͑these values were then chosen to pole the samples in the present study; cf. Table I͒ . These experiments revealed that the ionic conductivity was ͑much͒ lower in SA ͑NA35͒ glasses than in silica, with the consequence that higher temperatures and longer times were required to pole them ͑Fig. 1͒. The thicknesses of nonlinear layers were determined for typical poled samples using the stacked Maker fringe technique 3 or etching technique. 4 Despite significantly different poling conditions and chemical compositions, a level of (2) was found for all the glasses, the same range as in silica. For isothermal annealing experiments, the poled samples were put on a large aluminum block inside the oven, with their cathodic surface in contact with the block for a reason which will be explained later. This arrangement ensured that the samples rapidly reached thermal equilibrium at a temperature that was fixed by the block and, thanks to the high heat capacity of the latter, did not fluctuate during loading of the samples. For silica, we calculated that the temperature of the sample, given its dimensions, reached steady state within a͒ Electronic mail: deparis@telecom.fpms.ac.be TABLE I. Samples tested: HE1 ͑flame-fused silica͒; NA35 ͑aluminoboro-silicate͒, SA1-4 ͑aluminosilicates͒; poling temperature (T p ); poling time (t p ); activation energies of fast and slow relaxation processes associated with the decay of (2) 
is the spatially averaged nonlinear coefficient. Before annealing and after an annealing time t, we measured the SH power at a fixed angle and calculated ͓ P 2 (t)/P 2 (0)͔ 1/2 , i.e., the quantity of interest ͓which is equal to 33,av (2) (t)/ 33,av (2) (0) if w does not change during annealing͔.
The decay of the nonlinearity was recorded at different temperatures as a function of the annealing time ͑Fig. 2͒. In SA and NA35 glasses, the nonlinearity started to decay at higher temperatures than in silica, so enhanced stability could be anticipated for specific glass compositions. Although the decay curves could not be fitted successfully in the whole annealing time range using single exponential functions, data could be nicely fitted using the sum of two exponential functions with largely different time constants, i.e., f (t)ϭa 1 ϫexp(Ϫt/ 1 )ϩa 2 ϫexp(Ϫt/ 2 ). From a phenomenological point of view, this means that two independent decay processes, a fast one ( 1 ) and a slow one ( 2 ), took place during annealing. Physically the two decay processes could be associated with the migration of cations of different mobility which recombine with immobile negatively charged sites, or with charge recombination ͑whatever the charge carrier is͒ in a near-surface layer, on one hand, and in a deeper layer within the bulk, on the other hand. Irrespective of which physical process is actually at play, it should be thermally activated. Indeed, the decay rates of both processes were found to follow Arrhenius law: kϭAϫexp(ϪE a /k B T), where E a is the activation energy, A is the frequency factor, T the absolute temperature, and k B the Boltzmann constant ͑Fig. 3͒. The corresponding activation energies and frequency factors were determined, from which decay time con-FIG. 1. Current as a function of time during poling of SA1 ͑a͒, ͑g͒, SA2 ͑b͒, SA3 ͑c͒, SA4 ͑d͒, NA35 ͑e͒ and HE1 ͑f͒. Poling temperatures: 350 ͑a͒-͑d͒, 420 ͑e͒, and 280°C ͑f͒, ͑g͒.
FIG. 2. Decay of the second-order nonlinearity (
) as a function of the annealing time in poled samples: HE1 ͑a͒, NA35 ͑b͒, SA3 ͑c͒ and SA1 ͑d͒. Lines are best fits to data using the sum of two exponential functions. Annealing temperatures are indicated next to decay curves. Errors bars indicate standard deviations of the measured quantity. The cathodic surface of the sample was put on a metallic block in an oven ͓except for dashed curve in ͑d͒: in this case the anodic surface was put on the block͔. stants at room temperature ͑RT͒, 1,RT and 2,RT , were extrapolated ͑Table I͒. By extrapolating the dependences of relative strengths a 1 and a 2 on the temperature, we could infer which of the two decay processes is likely to be more dominant at room temperature. The fast decay process was found to be negligible at room temperature in HE1 and SA1 samples, i.e., a 1 (Tϭ293 K)Ӷa 2 (Tϭ293 K). For these glasses, 2,RT gives a good approximation of the nonlinearity lifetime. In Herasil silica ͑HE1͒, 2,RT is one order of magnitude lower than the previously reported lifetime value. 5 This is not too large a discrepancy, taking into account that extrapolation of values is very sensitive to uncertainties in E a and A. In SA1 glass, 2,RT is five orders of magnitude higher than in silica, which shows the dramatic enhancement of the stability. For the other glasses, values of a 1 and a 2 in the annealing temperature range did not allow us to infer which process is dominant at room temperature and, therefore, the lifetime should be between 1,RT and 2,RT . Even in the worst case, the lifetime is several orders of magnitude higher in NA35 and SA glasses than in silica.
The activation energies of (2) decay (E a ) are higher in SA and NA35 glasses than in silica ͑Table I͒. The activation energies of ionic conductivity (E ) are higher as well ͑Fig. 1͒. We explain the enhancement of (2) stability in SA and NA35 glasses with respect to silica by the strong decrease of the alkali ion mobility. The ion mobility in glasses is determined by several factors. According to the Anderson-Stuart model, E consists of two terms: the bonding energy (⌬E b ) and the elastic strain energy (⌬E s ), i.e., E ϭ⌬E b ϩ⌬E s . 6 The first term arises from the direct Coulomb interaction between alkali ions (R ϩ ) and charge-compensating ͑CC͒ sites. The second term arises from distortion of the glass network as R ϩ jumps from one site to the next. Substitution of Si by Al or B decreases ⌬E b because the negative charge is less localized on AlO 4 Ϫ or BO 4 Ϫ CC sites than on nonbridging oxygen ͑NBO͒ CC sites and, therefore, Coulomb interaction with R ϩ is weaker. 7 On the other hand, substitution of Si by Al or B increases ⌬E s due to the increase of network rigidity. 7 Substitution of Si by B further increases ⌬E s due to the increase of network packing density. 7 In sodium trisilicate (Na 2 O•3SiO 2 ), the net result is a decrease of E with an increase of Al or B substitution. 7 SA and NA35 glasses, on the other hand, differ from sodium trisilicate in their very low alkali content and the presence of interstitial modifier cations (Zn 2ϩ , Mg 2ϩ , Ca 2ϩ , etc.͒. These larger cations encroach on the conduction pathways of alkali ions, leading to an additional increase of ⌬E s . The net result is an increase of E in SA and NA35 glasses with respect to silica, 2 because of ͑1͒ the presence of interstitial modifier cations, ͑2͒ the higher rigidity of the network ͑Al and B substitution͒, and ͑3͒ the higher network packing density ͑B substitution only͒. This decrease of alkali ion mobility is responsible for the higher values of E a associated with enhanced stability of (2) .
Other interesting effects were observed in annealing experiments. Before annealing, SHG was reasonably uniform in all the samples but, surprisingly, it became strongly nonuniform in HE1 samples after annealing ͓cf. error bars in Fig.  1͑a͔͒ . The existence of an hydrated near-surface layer, which poled differently than the bulk, could be responsible for the nonuniform decay and explain why the values of E a1 and E a2 for HE1 are lower than the value of 1 eV reported for thermal dissociation of Na ϩ in silica. 2 Which surface of the poled sample ͑cathodic or anodic͒ was put on the metallic block in the oven turned out to have a strong influence on the decay observed ͓Fig. 2͑d͒, curves at 453 K͔. This effect is attributed to the existence of near-surface charges in the poled sample ͑i.e., when the anodic surface is put on the metallic block, conductive paths are provided for charge escape/injection from/to the sample, which results in faster decay͒.
In conclusion, order-of-magnitude enhancement of the stability of (2) was found in aluminosilicate and aluminoborosilicate with respect to silica and explained in terms of dramatic changes of the alkali ion mobility according to the glass composition.
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